Manufactured fullerene nanoparticles easily enter into cells and hence have been rapidly developed for biomedical uses. However, it is generally unknown which route the nanoparticles undergo when crossing cell membranes and where they localize to the intracellular compartments. Herein we have used both microscopic imaging and biological techniques to explore the processes of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles across cellular membranes and their intracellular translocation in 3T3 L1 and RH-35 living cells. The fullerene nanoparticles are quickly internalized by the cells and then routed to the cytoplasm with punctate localization. Upon entering the cell, they are synchronized to lysosome-like vesicles. The [C 60 (C(COOH) 2 ) 2 ] n nanoparticles entering cells are mainly via endocytosis with time-, temperature-and energy-dependent manners. The cellular uptake of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles was found to be clathrin-mediated but not caveolae-mediated endocytosis. The endocytosis mechanism and the subcellular target location provide key information for the better understanding and predicting of the biomedical function of fullerene nanoparticles inside cells.
Introduction
Cell membranes consist of lipid bilayer and membrane proteins, which separate the cytoplasm from the external medium and regulate the transport of molecules. Cell membranes 6 Authors to whom any correspondence should be addressed.
are somewhat permeable and allow only smaller molecules to pass through. Water, sugars, ions and amino acids can traverse the cell membrane through pumps or channels [1] . For substances with larger sizes, e.g. hydrophilic biomacromolecules, they are conventionally transported into the cell by endocytosis, a typical transport pathway. Endocytosis mainly includes macropinocytosis, caveolae-meditated endocytosis and clathrin-mediated endocytosis; the latter is then internalized into the cell in an energy-dependent manner by clathrin-coated membrane vesicles [2, 3] . Classically, the route for protein transporting into cells is mainly via clathrin-coated pits, which needs protein to bind to a specific receptor on the cell surface and form a ligand-receptor complex cluster. Molecules that undergo clathrin-mediated endocytosis [4] include nutrients such as iron, via transferring uptake, growth factors and cytokines, through receptors such as epidermalgrowth-factor receptors, and cellular adhesion molecules such as integrins.
Increasing evidence suggests that manufactured carbon nanoparticles, especially carbon nanotubes, fullerene (C 60 ) and its derivatives, can enter into the cells, where they show versatile biology potentials [5] [6] [7] [8] [9] . Fullerene, an intriguing nanospherical molecule with several tens of unsaturated bonds, is an ideal platform for surface modification [10] [11] [12] and might be used as potential reagents for the therapy and diagnosis of human diseases [13] . The surface modification of fullerene and its derivatives can greatly broaden its biomedical properties [14] [15] [16] and they could be used as gene delivery reagents [17] , superoxide dismutase mimics [18] , high efficiency MRI contrast agents [19] , antimicrobial photosensitizers [20] , HIV-1 protease inhibitors [21] and high efficiency anticancer agents without observable toxicity [14] . Sayes et al [22] have shown that different surface modifications of water-soluble fullerenes have differential cytotoxicity. The malonic acid derivative of fullerene C 60 (C(COOH) 2 ) 3 shows no cytotoxicity and strong protective effects against oxidative stress in both the degenerating dopaminergic neuron model of Parkinson's diseases and the animal model of ischemic brain injury [23, 24] . However, the mechanism how the fullerene derivatives enter the cells remains unclear.
In biological systems, interactions between biomolecules are mostly via the weak forces such as hydrogen bonds, van de Waals forces, static electronic interactions and hydrophilichydrophobic interactions.
Tatke et al [25] carried out extensive computer simulations to study the dynamics of carbon nanotubes and their interaction with proteins. However, in the case of nanoparticles with specialized nanostructures, especially fullerene derivatives with nanoscale size and unique surface natures, they are mostly aggregated to form clusters consisting of tens of individual molecules. These nanoparticles might interact with biomolecules in a different way and might enter the cells by unknown mechanisms.
Pantarotto [8] suggested micron-scale single-walled carbon nanotubes (SWNTs) binding bioactive peptides can cross cell membranes in an ATP-independent manner. A very recent study by Dai's group [26] suggested that short, well-dispersed SWNTs with proteins and oligonucleotides can be transported into living HeLa cells by energy-dependent endocytosis. Dai and coworkers also identified that the endocytosis is mainly through clathrin-coated pits rather than caveolae or lipid rafts. In our previous work, we have found that the [C 60 (C(COOH) 2 ) 2 ] n nanoparticles could easily enter HeLa cells without observable cytotoxicity [7] . Do nanoparticles consisting of fullerene derivatives cross the cell membrane by similar ways or by completely different and unknown ways? Where is the intracellular pool for the fullerene derivatives having been transported into the cells? These are now generally unclear but of great significance.
In this work, we systematically investigated the mechanisms by which fullerene nanoparticles could be transported into cells with various biochemical, biophysical and microscopic techniques, including atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and laser confocal scanning microscopy (LCSM). The intracellular translocation of fullerene nanoparticles was also studied.
Materials and methods

Chemicals and reagents
HEPES, nystatin, methyl-beta-cyclodextrin (MβCD), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were obtained through Sigma. 
Cell culture
3T3 L1 fibroblast and RH-35 rat hepatoma cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal calf serum, 10 mM HEPES, 100 U ml −1 penicillin and 100 μg ml −1 streptomycin, and cultured in a humidified 5% CO 2 incubator at 37
• C.
Synthesis of bis-adducts C 60 malonic acid derivative and fluorescently labeled FITC-C
The method for synthesis was basically according to the reaction between C 60 and diethyl bromomalonate under the basic circumstances, which was commonly used to produce malonyl adducts of fullerenes [7, 27] . The FITC labeled C 60 (C(COOH) 2 ) 2 was obtained and purified as described earlier [7] . Briefly, NaH was added to the solution of C 60 in toluene, and the solution mixed with diethyl bromomalonate for 10 h. The obtained different adducts C 60 malonic ester derivatives were applied to chromatographical separation on silica gel (400 meshes) using different mobile phases, in the order toluene, toluene-hexane (1:1) and hexane. There were six fractions obtained, which corresponded to the different C 60 malonic ester derivatives, respectively. The fraction VI of C 60 (C(COOEt) 2 ) 2 , eluted by toluene, was further mixed with 20-fold excessive NaH. After stirring under argon at 80
• C for 10 h, CH 3 OH was added to stop the reaction, and then the solution was acidified by HCl. A precipitate was formed when the reaction solution cooled down and was collected by centrifugation, and was washed with CH 3 OH, HCl and H 2 O twice, respectively. The resulting precipitate was dissolved in water and filtrated with a membrane filter with a pore size of 0.22 μm. Finally, the filtrate was dried in vacuum. The dried brown powder was the expected compound of water-soluble bis-adducts C 60 malonic acid derivative C 60 (C(COOH) 2 ) 2 .
Two hundred microliter 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 2.5 mg 5-((5-aminopentyl) thioureidyl) fluorescein dihydrobromide salt (5-FITC cardaverine) were added to the 200 μL water solution containing 4 mg C 60 (C(COOH) 2 ) 2 . After dark reaction at room temperature for 4 h, the obtained green-yellow solution was applied to a Sephadex G-15 column to remove the unincorporated free dye. Then, the FITC labeled C 60 (C(COOH) 2 ) 2 was obtained from the first eluted fraction.
Shape, size distribution and zeta potential
For SEM scanning, 50 μM fullerene derivative C 60 (C (COOH) 2 ) 2 nanoparticles were prepared in distilled water. A drop of the C 60 (C(COOH) 2 ) 2 suspension was then placed on the clean silica sheet and dried at room temperature. The fullerene particles on the silicon surface were slowly line-scanned by a Hitachi S4800 SEM using 6 kV lower accelerating voltages. Then image resolution was captured by the PC SEM software. Further, for AFM scanning, a drop of 50 μM C 60 (C(COOH) 2 ) 2 water suspension was placed on the mica sheet and kept for 15 min before blow-drying. The fullerene particles on the mica sheet were then imaged by an atomic force microscope (SPM-9500J3, Shimazu) in the scanning mode by using a 2.5 μm probe, and the particle size was analyzed by professional Computer Profile software.
The size distribution and zeta potential were performed with a Nano ZS90 (Malvern). Firstly, the intensity distribution is weighted according to the scattering intensity of each 50 μM C 60 (C(COOH) 2 ) 2 nanoparticles in distilled water, PBS and DMEM. Then, using Mie theory, the transform of the DLS intensity distribution to volume distributions is straightforward. The volume distributions derived from dynamic light scattering measurements are best used for comparison purposes or for estimating the relative size distribution. The zeta potential measurements were performed from high to low pH at a low salt concentration of PBS (0.01 M).
The cellular surface morphological change of 3T3 L1 cells
Approximately 2.0 × 10 4 3T3 L1 fibroblast cells were plated onto a 30 mm culture coverslip and cultured at 37
• C overnight until their monolayers converge. Then the cell monolayer was incubated with a serum-free medium containing 50 μM fullerene derivative C 60 (C(COOH) 2 ) 2 . After incubation for 0.5, 3 and 18 h, the culture medium was discarded and the cells were washed with phosphate buffered saline (PBS, pH 7.4). The cells were fixed with 2.5% glutaraldehyde in phosphate buffered saline containing 250 mM sucrose for more than 3 h and osmium tetroxide has been used as a post fixative. Cells have also been washed with phosphate buffered saline containing 250 mM sucrose, and then momentarily rinsed three times with purified water to remove any surface salts before drying. Air-dried cells were scanned in AFM contact mode with a 125 μm probe.
Lactate dehydrogenase release assay
To assess the possible impairment of cell membranes caused by the treatment with [C 60 (C(COOH) 2 ) 2 ] n , the release of lactate dehydrogenase (LDH) was conducted using an LDH release assay kit (Beijing ZhongSheng Co.), which is based on measuring the enzyme-coupled reduction of NAD + at 340 nm. Briefly, 3T3 L1 fibroblast cells and RH-35 cells were incubated with serum-free DMEM containing different concentrations of C 60 (C(COOH) 2 ) 2 (0-100 μM) for 48 h. After incubation, the medium was collected and mixed with a reaction solution containing 6.5 mM NAD + and 52 mM L-lactate. NAD + can be reduced to NADH in the presence of LDH. The activity of LDH is then calculated via the decrease of NAD + quantitatively.
Transmission electron microscopy
3T3 L1 fibroblast cells were incubated with 50 μM C 60 (C (COOH) 2 ) 2 for 18 h and harvested by centrifugation at 200 × g for 5 min. According to traditional biological cell fixation methods, cell pellets were adequately fixed in 2.5% glutaraldehyde with phosphate buffered saline containing 250 mM sucrose to maintain proper osmotic requirements. The cells were washed with phosphate buffered saline containing 250 mM sucrose and subsequently submerged in a solution containing equal amounts of osmium tetroxide and phosphate buffered saline for 1 h. Then, the specimens were dehydrated in a series of graded alcohol solutions and embedded in araldite and polymerized for 24 h. Finally, ultrathin sections were cut, contrasted with uranyl acetate and lead citrate, and observed with a Philips Tecnai 20 electron microscope.
Laser confocal scanning microscopy
The intracellular localization of FITC labeled C 60 (C(COO H) 2 ) 2 in 3T3 L1 and RH-35 cells were traced with the nuclear marker Hoechst 33258, the lysosomal marker Lyso Tracker Red or the mitochondrion marker Mito Tracker Red. The endocytosis pathways were investigated as follows. 3T3 L1 fibroblast cells or RH-35 hepatoma cells were plated onto 30 mm cell culture coverslips and cultured at 37
• C overnight. Then cells were incubated with FITC labeled C 60 (C(COOH) 2 ) 2 (10 μM) and FM 4-64 (5 μg ml −1 ) in a serum-free medium at 37
• C (some experiments were at 4 • C) for 2 h. The cells were observed with a laser confocal scanning microscope (Olympus FV 500) equipped with a 60× oil immersion lens (λ ex , 488 nm and λ em , 530 nm for FITC; λ ex , 558 nm and λ em , 734 nm for FM 4-64). In some experiments, cells were incubated with 10 mM sodium azide in the presence of 6 mM 2-deoxy-D-glucose for 1 h, or 1 μM Rotenone for 1 h to deplete the cellular ATP.
The inhibition of lipid raft-mediated endocytosis was carried out by cholesterol depletion with 15 mM methyl-β-cyclodextrin (MβCD) at 37
• C for 1 h. The inhibition of caveolae-mediated endocytosis was carried out by preincubating cells with a sterol-binding agent, nystatin, at 5 μg ml −1 for 30 min at 37
• C. The inhibition of clathrin-mediated endocytosis was carried out by hypertonic challenge or intracellular K + depletion according to methods described by Rejman et al [28] . Briefly, potassium depletion was carried out by washing once the RH-35 cell and 3T3 L1 cell with potassium-free buffer, pH 7.4, containing 140 mM NaCl, 20 mM Hepes, 1 mM MgCl 2 , 1 mM CaCl 2 and 1 mg ml −1 D-glucose, followed by a wash with hypotonic buffer (potassium-free buffer diluted with water, 1:1). Then, the cells were washed again three times for 20 min with potassium-free buffer. Alternatively, the hypertonic challenge was carried out by incubating cells with the above-mentioned buffer containing 10 mM KCl and 0.45 M sucrose for 20 min at 37
• C. Once treatment was complete, cells were incubated with FITC labeled C 60 (C(COOH) 2 ) 2 and FM 4-64 and then observed by LCSM.
Western blot and RT-PCR analysis
For Western blot analysis, 30 μg of total cell lysate prepared from RH-35 cells and 3T3 L1 cells pretreated with or without 50 μM C 60 (C(COOH) 2 ) 2 were separated by 15% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane, probed with proper primary antibodies and amplified by HRP-conjugated secondary antibodies. The target proteins were detected by Enhanced Chemiluminescence using the Amersham Pharmacia ECL Plus Western blotting detection kit and exposed to Kodak x-ray autoradiography films. Cells were treated with 1 ml RNeasy ® reagent and total RNA was obtained according to the manufacturer's instructions.
Isolated conjunctival RNA was reversetranscribed to cDNA using oligo-dT primers. PCR was performed using sense (5 -CGGTTGCTCTTGTTACGG-3 ) and antisense (5 -AGAGCATTAAATTTCCGGGC-3 ) primers based on conserved regions of clathrin heavy chain genes cloned from rat.
Results and discussion
Shape, size distribution and zeta potential determination of nanoscale
We synthesized the compound of water-soluble bis-adducts C 60 malonic acid derivative C 60 (C(COOH) 2 ) 2 , which is based on the reaction between C 60 and diethyl bromomalonate under the basic circumstances. The characterization data of C 60 (C(COOH) 2 ) 2 by mass spectrum and infrared spectrum had been described in our previous reports [7] . C 60 (C(COOH) 2 ) 2 tends to aggregate in aqueous surroundings (pH 7.0) and forms dispersed nanoscale [C 60 (C(COOH) 2 ) 2 ] n particles with average diameters of 125 nm as determined by SEM and AFM (figures 1(A) and (B)). However, particle sizing from solidstate SEM and AFM imaging does not necessarily translate to the solution state. The 125 nm aggregate size observed by AFM is probably much smaller under physiological conditions such as phosphate buffered saline (PBS) [29] . Further, dynamic light scattering (DLS) measurements show that the diameters of [C 60 (C(COOH) 2 ) 2 ] n particles have a very Further, the zeta potential is a measure from the electrical charge of the surface and a predictive value for the interfacial reactions between the biomaterial and the surrounding tissue [30, 31] . 
[C 60 (C(COOH) 2 ) 2 ] n nanoparticles were internalized in the cell
We used a rat 3T3 L1 fibroblast cell line for analyzing the cellular uptake processes of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles, which were also visualized by AFM techniques [32] . Figure 3(A) shows the typical 'bumpy' surface of the 3T3 L1 fibroblast. After exposure to [C 60 (C(COOH) 2 ) 2 ] n nanoparticles for 30 min, the shape of invagination appeared obviously in the surface of the cellular membrane ( figure 3(B) , arrow heads). The measurements of invagination structures were also taken from extraction profiles from figure 3(B) image data, which were about 200-500 nm in diameter by four profile measurements ( figure 3(E) ). The number of these obvious invaginations were decreased when the cell was incubated for 3 and 18 h (figures 3(C), (D)), indicating that the dissociated membrane recycled to make new membrane at longer time periods. The images in the lower panel are the AFM 3D structures for the relevant upper images (figures 3(A)-(D) ), which more clearly display the dynamics of the formation and recovery of the invagination structures during the incubation of nanoparticles with cells. The morphological alterations of the cell membrane suggested the characteristic features of the endocytosis process. Also the formation of these invagination structures on the membrane is probably affected by cellular endocytosing foreign nanoparticles.
Intracellular localization of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles
Once entering cells, the intracellular pool (target site) of the nanoparticle is an important issue needing further investigation.
First, the intracellular targeting sites of nanoparticles would directly affect their cellular function. Second, identifying the intracellular location of nanoparticles is essential for their potential applications for drug delivery, therapeutic or diagnostic nanomedicines. Considering that the AFM analysis only indicates the morphological alteration of the external surface of the cell membrane during the interaction between nanoparticles and cells, the fullerene nanoparticles which have been transported into the cells and the ultrastructures of the cells were observed with TEM techniques. Ultrastructure analysis revealed that the fullerene nanoparticles have been transported into the 3T3 L1 cells (figure 4), where they were mainly translocated into the endosome-or lysosome-like vesicles, as indicated by arrows in figure 4(B) . were not observed in the nucleus in that there were no obvious merged fluorescence between FITC and Hoechst. However, Foley [9] and coworkers have reported that C 60 malonic acid derivative C 60 C(COOH) 2 bound to mitochondria by using immunofluorescence and differential centrifugation techniques. Ali et al [18] indicated that tris-malonic acid derivatives of the fullerene C 60 molecule (C3) were mainly present outside mitochondria according to immunostaining with the anti-C3 antibody, although there was an association of one pool of C3 with mitochondria. Our results suggest that the fullerene nanoparticles were mainly located in the lysosomes within 2 h. [C 60 (C(COOH) 2 ) 2 ] n were not observed in the nucleus in that there was no obvious merged fluorescence between FITC and Hoechst. Owing to negative surface electric charge, [C 60 (C(COOH) 2 ) 2 ] n would be translocated into the cellular nucleus with difficultly. TEM observation revealed that after incubation with 50 μM [C 60 (C(COOH) 2 ) 2 ] n for 18 h, the fullerene nanoparticles have been transported into the 3T3 L1 cells and RH-35 cells (data not shown), where they were still mainly accumulated in the endosome-or lysosomelike vesicles in figures 4(A) and (B) . Likewise, from the TEM illustration, no fullerene nanoparticles were observed in cellular mitochondria organelles after 18 h.
Uptake of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles involved clathrin-mediated endocytosis
Now we have demonstrated that the fullerene nanoparticles could be transported into the cells and could be translocated into the lysosomes. However, the mechanism of the cellular uptake of nanoparticles remains an open question. We carried out a systematic investigation of the cellular internalization mechanism and pathway for [C 60 (C(COOH) 2 ) 2 ] n nanoparticles. Park et al [33] found that the potassium channel subunits in the cell membrane could be blocked by single-wall carbon nanotubes (with diameter ∼ 1.4 nm) and fullerene (∼0.7 nm). This blockage was found to be mainly dependent on the dimensions of the nanoparticles but not the electrochemical interactions. However, the average diameter of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles in aqueous solution is 125 nm, much larger than the diameter of ion channels. The ion channels might be not the gateway for the transport of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles into the cells.
Endocytosis is known as a general entry mechanism for various extracellular materials. Endocytosis mainly includes two different types: phagocytosis and pinocytosis. The former is involved in the uptake of large particles and is usually restricted to phagocytes including macrophages and neutrophilic granulocytes; the latter occurs in all cell types and is involved in the uptake of fluids and solutes. The dynamics of endocytosis includes the formation, fission and fusion of vesicles in an energy-dependent manner. Also, the endocytic membrane system is traditionally divided into early (sorting) endosome, late endosome and endocytic recycling compartment (ERC) [34] . Our results of cell surface AFM scanning ( figures 3(B)-(D) ) have shown a similar phenomenon of the process of membrane recycling post-exposure to [C 60 (C(COOH) 2 ) 2 ] n nanoparticles. It has been found that the size of the nanoparticles plays a key role in their adhesion to and interaction with the biological cells. For relatively small size nanoparticles and biological molecules, they could enter cells with leaky cell membranes, by which pathway Tat, Rev and Arg peptides were transported into cells [35] [36] [37] . Some reports show endocytosis-susceptible guest particles have an upper size limit of about 100 nm [38] ; in contrast, other reports indicated that particle sizes smaller than 500 nm were also internalized by cellular endocytosis [39, 40] . Dynamic light scattering (DLS) is a non-invasive technique for measuring the size distribution of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles. DLS results showed that [C 60 (C(COOH) 2 ) 2 ] n particles have a very narrow distribution curve for diameters in the distilled water solution state ( figure 2(A) ). The peak diameter is 161.8 nm, which is only slightly larger than from SEM and AFM measurements. However, the size of [C 60 (C(COOH) 2 ) 2 ] n particles were increased in the DMEM environment to nearly twice the size of [C 60 (C(COOH) 2 ) 2 ] n in distilled water. It is obvious that distribution and sizing of [C 60 (C(COOH) 2 ) 2 ] n particles were different in different solution states. First, based on some experiments, both HDF and HepG2 cells show evidence of leaky plasma membrane after exposure to toxic concentrations of fullerenes [22] . Whether or not the plasma membrane was disrupted when [C 60 (C(COOH) 2 ) 2 ] n nanoparticles penetrated through the cell membrane, it is hence important to clarify if this surface alteration impairs the integrity of the cell membranes. In our experiments, the release of cytoplasmic LDH, a marker enzyme of cytoplasm, into the 3T3 L1 and RH-35 extracellular medium was observed. No apparent increase in the LDH activity was observed in cells treated with 0.5-50 μM of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles ( figure 7) . When the concentration of nanoparticles was increased to as high as 100 μM, a little increased release of LDH was observed. This result demonstrates that, at the concentration used in studying the internalization of [C 60 (C(COOH) 2 ) 2 ] n particles, there was no alteration in the integrity of the plasma membrane.
FM 4-64 dye is a lipophilic styryl compound used in a wide variety of studies involving the plasma membrane and vesiculation [35] . Further, with FM 4-64 as a marker for endocytosis, we studied the uptake process of FITC labeled [C 60 (C(COOH) 2 ) 2 ] n nanoparticles in 3T3 L1 and RH-35 cells using LCSM. In both 3T3 L1 and RH-35 cells, the green To explore whether the intracellular transportation of the nanoparticles is energy-dependent, the uptake of FITC labeled C 60 (C(COOH) 2 ) 2 nanoparticles in cells at 4
• C or in ATP-depleted cells were traced by LCSM, respectively. The intracellular fluorescence (nanoparticles) was not detected in the 3T3 L1 or RH-35 cells incubated at 4
• C ( figure 9 ). Similarly, in cells treated with sodium azide or rotenone, which caused the depletion of the intracellular ATP, the intracellular transportation of the nanoparticles was almost mainly blocked ( figure 9) .
Classically, the route for protein transporting into cells is mainly via clathrin-coated pits, which needs protein to bind to a specific receptor on the cell surface and form a ligandreceptor complex cluster. The latter is then internalized into the cell in an energy-dependent manner by clathrin-coated membrane vesicles. Rejman [27] reported a size-dependent nature of the endocytosis process. The internalization of microspheres with a diameter of 200-500 nm involves the clathrin-coated pits, and the mechanism shifts to a caveolaemediated process with larger diameters. Accordingly, from the aspect of the particle size, the clathrin-mediated endocytosis of the clustered [C 60 (C(COOH) 2 ) 2 ] n is reasonable. We further investigated whether caveolae are involved in the uptake of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles. Caveolae are small flask-shaped invaginations of the plasma membrane which are rich in cholesterol and glycosphingolipids, with caveolin-1 as one of the marker proteins. No caveolin-1 protein expression was detected in RH-35 cells; in contrast, caveolin-1 protein expression was detected in 3T3 L1 cells ( figure 10(A) ). Both RH-35 and 3T3 L1 cells were treated with nystatin, which has been known to disrupt caveolae formation and inhibits caveolae-mediated endocytosis. Cells were also treated with methyl-β-cyclodextrin which disrupts the caveolae-or lipid raft microdomains by extracting cholesterol and inhibits both clathrin-mediated and caveolae-mediated endocytosis. The different responses to nystatin and methyl-β-cyclodextrin further confirm the endocytotic pathway. Methyl-β-cyclodextrin treatment inhibited the internalization of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles markedly. However, disruption of caveolae by nystatin shows no apparent influence as shown in figure 10(C) . These results clearly indicate that the internalization of the fullerene nanoparticles is mediated by clathrin-dependent rather than caveolar-dependent mechanisms, though the integrity of lipid raft microdomains may also play a role during the internalization.
To elucidate the accurate mechanism of the nanoparticle internalization, we hence investigated the effects of potassium depletion, hypertonicity and cholesterol depletion on the transportation of nanoparticle internalization by 3T3 L1 and RH-35 cells using LCSM techniques. It was confirmed that the endogenesic clathrin heavy chain gene ( figure 10(B) ) existed in both RH-35 and 3T3 L1 cells by RT-PCR analysis. The clathrin-mediated endocytosis is sensitive to potassium depletion and hypertonicity, while clathrinmediated and caveolae-dependent endocytosis are both sensitive to cholesterol depletion. Depletion of potassium or hypertonicity (figure 10(C)), which is known to inhibit clathrin-mediated endocytosis, efficiently restrains the uptake of [C 60 (C(COOH) 2 ) 2 ] n nanoparticles. It was obviously that [C 60 (C(COOH) 2 ) 2 ] n nanoparticles transported into cells via clathrin-dependent endocytosis.
Further, the clathrin-mediated endocytic pathway is initiated when clathrin-coated vesicles bud into the cytoplasm. Following [C 60 (C(COOH) 2 ) 2 ] n nanoparticle internalization, the clathrin coat disassembles and the vesicle fuses with other newly uncoated vesicles to form an early endosome. Then, some ligands are released from their receptors in the acidic early endosome. Further fusion with incoming endocytic vesicles are sorted away from soluble ligands in the 'sorting endosome'. Some receptors interact with a second set of cytosolic proteins to ultimately sort them into domains that invaginate into the central vacuole, creating a multivesicular endosome [41] . [C 60 (C(COOH) 2 ) 2 ] n nanoparticles in the internal vesicles will ultimately be delivered to the lysosome. So, the result of carbonous [C 60 (C(COOH) 2 ) 2 ] n nanoparticles transported into cells via clathrin-dependent endocytosis was consistent with the study of [C 60 (C(COOH) 2 ) 2 ] n intracellular targeting sites of lysosome, instead of mitochondria. The endocytosis mechanism and the subcellular target location provide key information for understanding and predicting the biomedical function of fullerene nanoparticles inside cells. The zeta potentials of [C 60 (C(COOH) 2 ) 2 ] n particles in a lower pH condition like the lysosomal environment suggest that [C 60 (C(COOH) 2 ) 2 ] n particles would be unstable in the lysosome. Although the generation of oxygen-free radicals in cells comes from the leakage of electrons from the mitochondrial electron transport chain, the lysosomal permeabilization involves the generation of reactive oxygen species (ROS).
Also, due to the degradation of metalloproteinase, the lysosomes contain a large fraction of low-molecular-weight iron, which makes them very sensitive to oxidative stress [42] . So, as the antioxidants of fullerene, the location organelle of lysosome indicated that the protective effects of fullerene in relation to oxidative stress could be a result of this localization. Evidence of lysosomal distribution and underlying oxidative stress response after fullerene nanoparticles endocytosis points to a need for basic research on their interactions with the subcellular structure in the future.
Conclusion
We experimentally elucidated how the completely manufactured [C 60 (C(COOH) 2 ) 2 ] n nanoparticles were endocytosed by living cells (3T3 L1 and RH-35). Our results have shown that the fullerenic nanoparticles enter cells mainly via clathrincoated pit endocytosis whose processes are time-, temperatureand energy-dependent.
When the [C 60 (C(COOH) 2 ) 2 ] n nanoparticles at the cell surface attach to the membrane via some receptor molecules, this area of the plasma membrane with the clathrin and other coating proteins form the endosomal vesicle in the cytoplasm. So, the cellular membranes retains many obvious invagination structures, whose size is comparable with the size of the [C 60 (C(COOH) 2 ) 2 ] n nanoparticles. The endocytic recycling compartment retrieves membranes and components to the plasma membrane. The integrity of cell membranes during this process remains intact. In addition, these invagination structures on the membrane are the result of endocytosing foreign nanoparticles by cells. Cellular lysosomes from the cell cytoplasm travel to endosomal vesicles containing [C 60 (C(COOH) 2 ) 2 ] n nanoparticles and fuse with them to form phagolysosomal vesicles. It is significant that the internalization mechanism and the subcellular target location provide key information for understanding, predicting and designing the biomedical functions that fullerene nanoparticles play inside cells.
